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Abstract: Despite the great success of highly active antiretroviral therapy (HAART) in 
ameliorating the course of HIV infection, alternative therapeutic approaches are being 
pursued because of practical problems associated with life-long therapy. The eradication of 
HIV in the so-called "Berlin patient" who received a bone marrow transplant from a 
CCR5-negative donor has rekindled interest in genome engineering strategies to achieve the 
same effect. Precise gene editing within the cells is now a realistic possibility with recent 
advances in understanding the DNA repair mechanisms, DNA interaction with transcription 
factors and bacterial defense mechanisms. Within the past few years, four novel 
technologies have emerged that can be engineered for recognition of specific DNA target 
sequences to enable site-specific gene editing: Homing Endonuclease, ZFN, TALEN, and 
CRISPR/Cas9 system. The most recent CRISPR/Cas9 system uses a short stretch of 
complementary RNA bound to Cas9 nuclease to recognize and cleave target DNA, as 
opposed to the previous technologies that use DNA binding motifs of either zinc finger 
proteins or transcription activator-like effector molecules fused to an endonuclease to 
mediate sequence- specific DNA cleavage. Unlike RNA interference, which requires the 
continued presence of effector moieties to maintain gene silencing, the newer technologies 
allow permanent disruption of the targeted gene after a single treatment. Here, we review 
the applications, limitations and future prospects of novel gene-editing strategies for use as 
HIV therapy. 
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1. Introduction 

With the development of anti-retro viral therapy, HIV-1 infection is now manageable as a chronic 
disease. However, HIV-1 still remains a global epidemic responsible for considerable morbidity and 
mortality. Although highly active antiretro viral therapy (HAART) is effective in suppressing viral 
replication and reducing viral loads in HIV patients, it has limitations including high cost, patient 
compliance and side effects of long-term therapy, as well as emergence of drug resistance [1,2]. 
Moreover, although HARRT extends the lives of HIV-1 infected patients, it does not offer a permanent 
cure, since interruption of therapy leads to rapid rebound of viremia from latent reservoirs [3,4]. 
Therefore, there is a need to develop more effective countermeasures for HIV infection. 

Gene therapy is an attractive method to derive HIV-resistant cells [5,6]. Interest in this field began 
following the demonstration that CCR5 is a major coreceptor for HIV. Naturally occurring homozygous 
CCR5-A32 mutation (32 bp deletion in the single coding exon of the gene), which results in a frame-shift 
mutation that disrupts CCR5 expression on the cell surface [7-9], confers resistance to HIV infection. 
The remarkable success in eradicating HIV in the so-called "Berlin Patient" has led to a resurgence of 
interest in gene therapy. Here, a HIV positive patient with lymphoma, who had been transplanted with 
bone marrow from a CCR5-A32 homozygous donor, became cured with no demonstrable virus even 
5 years after transplantation, showing the potential benefits of CCR5 disruption [10,11]. However, due 
to the low frequency of CCR5-A32 homozygotes in the general population and the difficulties of 
identifying suitable donors, alternative methods to artificially disrupt CCR5 are being sought. RNA 
interference has successfully been used to silence CCR5 as well as viral genes (reviewed in [12]); but it 
requires the continuous presence of siRNA, and the gene ablation is never complete. On the other hand, 
gene-editing methods have attracted a lot of attention as potential therapy for HIV, as they allow 
permanent disruption of the selected gene(s). 

Targeted gene disruption techniques have been extensively used to create mutant mice that allow 
functional characterization of any gene of interest. Traditionally, homologous recombination (HR) 
between a targeted genomic sequence and an engineered DNA targeting vector has been used to modify 
embryonic stem cells, which are then used to derive mutant mice [13-16]. However, due to the 
extremely low frequency of HR, this technique cannot be used for human gene therapy. Recent progress 
in understanding the DNA repair pathways and engineered nucleases has allowed the development of 
simple and efficient alternative methods to induce gene modifications. Now it has become clear that 
following double stranded break, DNA is repaired either by HR (when a homologous DNA template is 
also provided) or by the error prone non-homologous end joining (NHEJ) pathway, attended with small 
nucleotide additions or deletions that results in disruption of the reading frame and gene expression. Use 
of this strategy for targeted gene disruption has been made possible by the development of engineered 
nucleases. The power of this technology can be gleaned from the fact that it was designated the method 
of the year in 2011 by Nature Methods [17]. In this review, we will describe the advances made in 
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developing three kinds of site-specific nucleases, namely zinc finger nucleases (ZFNs), transcription 
activator-like effector nucleases (TALENs), and most recently, the CRISPR/Cas9 system; and discuss 
their application towards HIV-1 therapy. 

2. Zinc Finger Nucleases 

Zinc finger proteins (ZFP) are a versatile class of eukaryotic transcription factors that bind DNA via 
zinc finger motifs. These DNA binding motifs are linked to the nuclease domain of Fok 1 restriction 
endonuclease to create zinc finger nucleases (ZFNs). ZFNs thus combine the favorable qualities of both 
components-the DNA binding specificity and flexibility of ZFPs. The cleavage activity of Fok 1 can 
only occur after DNA binding, thereby avoiding nonspecific cleavage (Figure 1). The zinc finger 
domain typically contains three to six zinc finger modules linked together, and each finger module of 
30 amino acids recognizes three sequence- specific nucleotides [18]. Therefore, each zinc finger module 
array recognizes between 9 and 18 base pairs. The Fok I cleavage domain functions as a dimer [19] and gets 
activated for cleavage after dimerization. Thus, the two zinc finger module arrays are designed to bind to 
9-18 nucleotides on opposite sides of the sequence targeted for disruption on the sense and the antisense 
strand respectively (separated with a spacer of 5-7 nucleotides) to bring the Fok I units together as a 
dimer, which initiates the cleavage process to generate a double strand break (DSB) at the spacer region. 
Since each designed ZFN pair specifically recognizes 18-36 base pairs, it can theoretically be designed 
to make it unique and highly specific for the targeted gene. The only constraint, that has been mostly 
solved by systematic studies, is that one must know the finger module that recognizes any given (of the 
64 possible) nucleotide triplet. 

Once the DSB is introduced, it can stimulate the cellular DNA repair mechanisms. The innate DNA 
repair mechanisms consist of either the error-prone NHEJ [20] or homology directed repair by HR [21]. 
However, the HR pathway needs an externally provided homologous DNA template; and thus in most 
circumstances, NHEJ is the predominant repair mechanism for DSBs generated by ZFNs. This repair 
pathway is attended with nucleotide insertions, deletions or frame-shift mutation [22], leading to 
gene disruption. 

Taking advantage of the effective and sequence- specific gene modification capability of ZFNs, the 
technology has been widely utilized for genome editing in various types of cells and living 
organisms [23-29]. As for HIV-1 gene therapy by ZFNs, most publications have focused on co-receptor 
CCR5 or CXCR4 disruption [30-32], but targeting HIV-1 genome is a possible alternative strategy [33]. 

2.1. CCR5 Disruption 

Theoretically, the cellular receptor or coreceptors involved in HIV-1 entry could be used as targets 
for inhibiting HIV-1 infection. However, the major viral receptor CD4 plays an important role in the 
immune system, which makes its deletion unacceptable. On the other hand, individuals with mutations 
in the HIV co-receptor CCR5 have no major immune deficits [34,35] except for a slight increase in the 
risk of West Nile infection [36]. Hence, CCR5 disruption is considered an attractive therapeutic target to 
block HIV-1 entry. Compared to conventional gene knockdown by RNAi, CCR5 disruption by ZFN is 
heritable and thus, one time treatment can potentially render the cell permanently HIV resistant. 
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Figure 1. Structure and schematic representation of zinc finger nuclease (ZFN) bound to the 
target site. (A) Crystal structure of a six- finger zinc finger protein (ZFP) complexed with its 
target DNA fragment (PDB ID: 1MEY, modeled by UCSF chimera). Each single zinc finger 
consists of one a-helix and two antiparallel ^-sheets and contacts DNA with side chains of 
the a-helix; (B) Schematic representation of ZFN bound to double- stranded DNA. Each zinc 
finger unit recognizes 3 nucleotides of DNA, each ZFN module (left and right) recognizes 
9-18 nucleotides. Once both ZFN modules bind DNA, the catalytic domain of Fok I 
endonuclease dimerizes and cleaves the DNA at the spacer region. 
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The first report on CCR5 alteration by ZFN technology was published in 2005 [37]. Mani et al. 
showed that three-finger ZFN was able to specifically cleave CCR5 at the designed site using an in vitro 
transcription-translation system. Since then, many studies have successfully disrupted CCR5 in 
various cell lines, primary T cells and hematopoietic stem cells (HSCs), as well as in humanized 
mice [30-32,38^-0]. From the point of HIV- 1 therapy, genetic disruption of CCR5 in CD4+ T cells and 
CD34+ HSCs is most relevant. CD4+ T cells can be gene edited in vitro and reinfused into patients to 
provide a source of HIV resistant T cells. Theoretically, CD34+ hematopoietic cells can be rendered 
CCR5- in vitro and infused to patients, so that the progeny T cells and macrophages provide a 
continuous source of HIV resistant cells. Perez and colleagues demonstrated that ZFNs can permanently 
and specifically disrupt CCR5 in 50% of primary CD4+ T cells with minimal off target effects (<5% at 
CCR2 loci). After ex vivo expansion, the modified CD4+ T cells were engrafted into NOG mice. Gene 
edited CD4+ T cells effectively reconstituted and provided significant resistance to subsequent HIV 
infection [30]. Moreover, following infection, the gene modified T cells were substantially enriched, 
probably because HIV killed the resident unmodified but not the modified T cells. The same group has 
recently scaled up the process and was able to derive 10 10 gene modified CD4+ T cells by using 
AD5/F35 adenoviral vector for transduction and anti-CD3/anti-CD28 stimulation for expansion of 
CD4+ T cells [41]. Moreover, the CD4+ T-cell phenotype, cytokine production, and repertoire were 
comparable between ZFN-modified and control cells. Further, infusion in vivo into NSG mice was not 
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associated with any toxicity or T cell transformation. Based on these results, the group has recently 
initiated a clinical trial for infusion of gene modified CD4 T cells in HIV infected individuals. 
(ClinicalTrials.gov, phase I by University of Pennsylvania, NCT00842634). A similar clinical trial has 
also been initiated by Sangamo Biosciences, (NCT01252641 and NCT01044654). Early results suggest 
that the infused gene modified T cells are harmless, persist over time, and traffic to different organs. 
However, the real efficacy can only be tested by interruption of ART, which is hard to do because of 
ethical and regulatory concerns. 

ZFN-mediated CCR5 gene modification has also been achieved in hematopoietic stem cells. Yao et al. 
showed that ZFN was able to efficiently and precisely disrupt CCR5 in embryonic and induced pluripotent 
stem cells (ESCs and iPSCs), and that these cells could be differentiated into CD34+ HSCs [42]. Holt 
and co-workers used nucleofection to achieve ZFN-mediated CCR5 disruption in human CD34+ HSCs. 
Transplantation of gene modified HSCs in NSG mice resulted in multi- lineage reconstitution of human 
immune cell types. Moreover the reconstituted cells showed resistance to HIV infection. Similar to 
CD4+ T cells engraftment described earlier, the gene-modified cells were greatly enriched after 
infection [43]. Likewise, Lambardo and colleagues also disrupted CCR5 using a non- integrating 
lentiviral vector-delivered ZFN in HSCs [44], and AD5/35 delivered ZFN in primary T cells, human 
neural stem cells (hNSCs) and in iPSCs [45] . Most recently, Li and co-workers modified CCR5 at a ratio 
more than 25% in adult HSCs (HSCs isolated from adult blood after mobilization with GMCSF) by 
using adenoviral vector-delivered ZFN, assisted with optimized dose of protein kinase C activator. The 
modified adult HSCs could also be reconstituted and were fully functional in NSG mice [46]. 

2.2. CXCR4 Disruption 

Generally, CCR5 serves as the predominant co-receptor for HIV entry during initial transmission and 
through the early stages of infection. However, once HIV-1 infection is established, it is able to choose 
CXCR4 as an alternative co-receptor [47,48]. With the emergence of CXCR4 tropic viruses, CCR5 
disruption will no longer be able to protect against the spread of HIV- 1 . For this reason, targeted CXCR4 
disruption is also being considered as an additional strategy for inhibiting HIV-1 infection. To date, 
three studies have demonstrated that targeting CXCR4 can promote HIV-1 resistance. The Doms group 
at the University of Pennsylvania was the first to engineer CXCR4 deficient CD4+ T cells by 
CXCR4-ZFN delivery via AD5/35. The modified CD4+ T cells proliferated normally and showed 
resistance to CXCR4 tropic HIV-1 infection in vitro. When the modified CD4+ T cells were transplanted 
into NSG mice, the mice showed resistance to X4 HIV-1. However, the protection failed because of the 
emergence of CCR5-tropic virus mutants over time [31]. Similarly, Yuan and co-workers compared the 
efficiency of X4 targeting shRNAs and ZFN, and found that ZFN gene disruption was superior to 
shRNA in conferring protection against X4 tropic virus. They also verified that CXCR4-ZFN disrupted 
CD4+ T cells conferred resistance in the humanized mouse model [32]. As these studies collectively 
show, disruption of CXCR4 or CCR5 alone may not be sufficient to provide stable protection as they 
could potentially force the emergence of the respective X4 or R5 tropic HIV-1 variants. To overcome 
this limitation, a novel strategy has been used by Voit and colleagues [39]. They used ZFN to 
incorporate three restriction factors, TRIM5a, APOBEC3G and D128K, or Rev M10 at the CCR5 locus, 
thereby knocking out CCR5 as well. The modified T-cell lines were robustly resistant to both R5 tropic 
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and X4 tropic HIV-1. This approach may be better than the dual co-receptor knockout strategy because 
viral blockade occurs at multiple steps. Further, the CXCR4 receptor plays a physiologically important 
role, raising concerns that its deletion in vivo may have functional consequences. 

2.3. Targeted HIV-1 Proviral DNA Disruption 

As described above, disruption of CCR5 and CXCR4 can only stop the spread of new virus, which 
could eventually result in a functional cure. However, this will not be sufficient to eradicate the virus 
from already infected cells. Moreover, disruption of either gene opens up the possibility of generating 
alternative co-receptor using mutants [33]. To reach the ultimate goal of a real cure, it is necessary to 
eradicate the proviral DNA that is already integrated into the host genome in the infected (including 
latently infected) cells. Therefore, attempts have also been made to eliminate HIV proviral DNA using 
ZFN technology. 

ZFN technology has also been used to successfully target proviral DNA in HBV [49], HSV-2 [50] 
and HTLV-1 [51] infection. These proof-of-concept studies suggest that it is also possible to target HIV 
proviral DNA. By using a computational model, Wayengera reported that an 18 bp sequence from the 
HIV-pol gene could induce specific gene disruption. They also used ZFN to target various sites within 
the proviral DNA and found the ZFN pairs that could delete -80% of proviral DNA [52] . Das et al. designed 
and screened three ZFNs which could efficiently cleave the conserved regions of HIV-1 genes gag, pol 
and rev [53]. Most recently, the Zhu group in China used a specially designed ZFN to target the highly 
conserved 5' and 3' LTR sequences of HIV-1 to successfully eradicate HIV-1 proviral DNA in cell lines 
as well as in acutely infected and latently infected primary T cells [33]. Although these results are 
exciting, a number of hurdles must be overcome for targeting the HIV genome in a clinical situation. For 
example, patients harbor the integrated HIV-1 provirus in resting T cells, and the latently infected cells 
are extremely rare (-only one in 1 million CD4+ T cells), so delivery of ZFN to these cells in vivo will 
pose a major challenge. Nevertheless, the proof-of-principle preliminary studies described above 
demonstrate that targeting the provirus is a potential strategy for curing HIV infection. 

2.4. ZFN Delivery Strategies for HIV Gene Therapy 

Delivery of gene therapy vehicles to specific target cells has been a major bottleneck for translation to 
human therapy. Gene therapy for HIV infection is mainly focused on CD4+ T cells or CD34+ HSC. 
Because of the difficulty in targeting these cells in vivo, the general approach is to modify the cells 
in vitro with the idea that they may be used for reinfusion to infected subjects. With the current state of 
technology, gene therapy for HIV is generally intended mainly for use in already infected people. 

As a proof-of-concept delivery method, an adenoviral vector was used to deliver ZFNs to activated 
CD4+T cells in vitro, reaching a gene-disruption efficiency as high as 54% for CCR5 [30] and 
30%-34% for CXCR4 [31,32]. After expansion in vitro, the adenovirus-ZFN transduced CD4+ T cells 
were infused into humanized mice where they were able to establish resistance to HIV- 1 infection. For 
CD34+ cells, ZFN-AD5 vector also achieved >25% CCR5 disruption [46]. Due to the maturity of 
techniques for generating high titer adenovirus stocks [54,55], it has also been scaled up for clinical 
trials [41]. Although one common concern in using adenovirus delivery in vivo is the pre-existing 
immunity that might neutralize the virus, making delivery ineffective, this should not be a problem for 
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delivery in vitro. However, several studies show that adenovirus can increase the susceptibility to 
HIV-1 infection [56,57]. Non-replicating HIV-based lentiviral vector is also a versatile tool for ZFN 
delivery for HIV-1 therapy. By changing the envelope gene from HIV to VSV, the resulting packaged 
lentivirus can transduce various types of cells in the immune system that are associated with HIV-1 
infection. However, continued long-term expression of ZFN from integrated lentiviral vector can 
increase the chances of off target effects. As ZFN genome editing is heritable, long-term expression is 
not needed. Hence the toxic effects can be mitigated by using mutant, non-integrating lentivirus for 
transient expression of ZFN. With this in mind, Lombardo et al. used a non-integrating lentivirus to 
deliver ZFN to disrupt CCR5 in CD34+ HSCs. They were able to disrupt CCR5 in HSCs, though the 
efficiency was relatively low (5%) [44]. In addition baculo viral vector has also been used to transduce 
hES cells to achieve a 5% efficacy of CCR5 disruption [58]. 

Compared to viral delivery vectors, non-viral methods will likely be more cost effective and have 
minimal safety concerns. Thus, plasmid transfection by nucleofection has been used for ZFN-mediated 
CCR5 disruption. This method resulted in 17% CCR5 disruption in HSC. When these cells were 
transplanted into NSG mice, the relatively low number of modified cells selectively expanded after 
in vivo HIV challenge [43]. mRNA electroporation also provides a means for transient expression to 
allay safety concerns and thus, CCR5-ZFN mRNA has also been recently used. Using the MaxCyte GT 
system (that can treat 300 million cells at a time, allowing clinical scale usage), Cannon et al. achieved 
an efficiency of CCR5 gene disruption ranging from 30%-50% in patient derived-HSCs. After 
engraftment into NSG mice, these cells supported multilineage reconstitution of human immune system, 
and the gene modified cells persisted even after 6 months of reconstitution [59]. Another exciting 
development in this regard is the finding by Gaj et al. that the ZFP has an intrinsic cell-penetrating 
property that allows entry of the protein into cells without need for a delivery vehicle. They recently 
incubated CD4+ T cells with recombinant CCR5-ZFP protein and found that this led to gene disruption, 
although the efficiency was in the lower range of -8% [60]. Taken together, these studies have shown 
that non- viral delivery of ZFN is a feasible tool for HIV therapy, although further improvements may 
be required. 

2.5. Specificity of ZFN Targeted Gene Disruption in HIV-1 Therapy 

The fundamental safety concern for using ZFN mediated gene disruption for human therapy is the 
specificity of gene targeting. For example, if the nuclease action mutates unintended targets that are 
important for cellular physiology, the treated cells may become dysfunctional or even die [61-63]. 
Therefore, it is essential that ZFNs be carefully designed to avoid off-target cleavage events as far 
as possible. 

For CCR5 disruption, the major concern comes from its homologous locus CCR2, because of their 
high sequence similarity. Kim et al. found that CCR5 ZFN induces off-target activity within CCR2 gene 
even when there is a single mismatch between the targeted CCR5 sequence and CCR2 DNA [40]. 
Perez et al. found that with two mismatches, the cleavage activity for CCR5 is 10-fold higher than 
for CCR2 [30]. In an interesting study, Pattanayak et al. found that high-affinity binding of one 
CCR5-specific ZFN monomer in a pair can compensate for another monomer's weak binding [64]. Thus, 
tight binding (complete homology) of one half can cause off target effects even if the other half contains 
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two-three mismatches, showing the importance of designing ZFNs with less binding energy at both arms 
to avoid off-target effects. Moreover, they also showed that concentration of ZFN is an important factor 
for off-target cleavage, suggesting that concentration of ZFN should be as low as possible [64]. Another 
study used an integrase-deficient lentivirus capture (IDL genome gets inserted at DSBs created by ZFN) 
assay to measure genome wide integration as a way to detect off-target effects in an unbiased manner. 
The results were also confirmed by deep sequencing to detect ZFN-induced indels. This analysis 
suggested that although off-target cleavage occurred only at consensus stretch of DNA, cleavage did not 
occur at all loci showing consensus predicted in silico [65]. Taken together, these studies highlight the 
fact that proper evaluation of the specificity of any particular ZFN pair will require the use of the 
relevant cell type, the intended ZFN dose and the delivery method for that specific application. This will 
be important to avoid potential failures in clinical trials. 

3. Transcription Activator-like Effectors Nucleases (TALENs) 

Transcription activator-like effectors (TALE) are naturally occurring DNA binding proteins from 
plant bacterial pathogen, Xanthomonas. TALE proteins contain N and C termini for localization and 
activation and a central domain for specific DNA binding. The central domain contains a variable 
number (5-30, average 15.5) of tandem monomer repeats that confer DNA binding specificity. The 
discovery that TALEs use a simple modular code for DNA recognition has provided an alternative 
platform for genome editing and gene disruption. Similar to ZFN, a pair of custom TALE DNA binding 
domains fused to Fok I endonuclease (binding to opposite sides of target DNA with a spacer of 14-18 nt 
to allow dimerization of Fok 1 and cleavage of DNA) is used for gene editing. In a short time after 
discovery, this technique has already been widely used for genome editing in a variety of cells, plants, 
model organisms, livestock and even human cells [66,67]. 

Unlike ZFN, where each finger module (30 amino acids) recognizes three nucleotides, each TALE 
repeat consists of 33-35 (34 in most cases) amino acids and recognize only one nucleotide [68] (Figure 2). 
The DNA recognition specificity is contributed by the highly variable amino acids at position 12 and 13, 
so called repeat variable diresidues (RVDs) (for example, HD (His, Asp) targets cytosine (C), NI (Asn, 
He) targets adenine (A), NG (Asn, Gly) targets thymine (T), and NN (Asn, Asn) targets guanine (G) and 
adenine (A)). Especially, the last repeat called "half repeat" contains only the first 20 amino acids of the 
complete repeat [68,69]. After RVDs bind the cognate nucleotide sequences, the Fok I domains on 
opposite pairs of TALEN dimerize and cut the DNA at the spacer region to generate DSB. Repair of 
DSBs via NHEJ pathway commonly results in indels with nucleotide deletions, insertions resulting in 
frame shift and gene disruption. Alternatively, TALEN mediated DSBs can also stimulate homologous 
recombination in the presence of homologous donor DNA, enabling site-specific insertion of an 
exogenous sequence. Due to the simple "protein-DNA code" TALENs can be easily designed and 
constructed to bind any unique sequence in the genome. TALE modules that recognize 14-20 target 
nucleotides are generally used for gene editing. TALE repeats recognizing particular nucleotides are 
assembled together for this purpose. However, due to the high sequence similarity between each repeat 
of TALENs (only two RVD residues differ between modules of 34 aa each), it is a challenge to assemble 
them together in the same construct. 



Viruses 2013, 5 



2756 



Figure 2. Structure and schematic representation of transcription activator-like effector 
nucleases (TALEN) bound to the target site. (A) Crystal structure of a TALEN complexed 
with the target DNA fragment (PDB ID: 3UGM, modeled by UCSF chimera software). Each 
single TALE unit is composed of two similar a-helices with intervening two variable amino 
acids that specifically recognize one single nucleotide; (B) Schematic representation of 
TALEN bound to double stranded DNA. Each TALEN unit recognizes one single 
nucleotide. Once both TALEN modules bind DNA, the Fok I endonuclease dimerizes and 
cuts DNA at the spacer region; (C) TALEN nucleotide recognition code. Variable diresidues 
(RVDs) located at amino acids 12 and 13 of each TALEN unit recognizes a single nucleotide 
according to the code: NG for T, HD for C, NI for A and NN for G or A. 
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Numerous studies have been grappling with the problem of assembling the TALEN repeat arrays and 
a variety of cloning techniques have been employed to overcome this difficulty. The first method for 
assembling TALEN arrays is restriction enzyme and ligation cloning (REAL), in which the single 
repeats are connected together via normal digestion- ligation method [70-72]. By using type IIS 
restriction enzymes to generate orthogonal ligation linkers between each repeat, the Golden Gate 
cloning method has accelerated the cloning process of TALENs, in which the repeats can be assembled 
quickly in a hierarchical way [73-77]. Furthermore, the high-throughput solid-phase ligation strategy 
provides the possibility of large-scale and cost effective synthesis of TALENs [78,79]. More recently, 
ligation-independent cloning technique has been utilized for high-throughput assembly of TALEN 
genes. The high fidelity of the overhangs of each repeat yields higher ligation efficiency and specificity 
as well as makes synthesis much simpler for systematic studies on genomic research [80]. 

So far, the only attempt using the TALEN system for HIV-1 gene therapy was reported in 2011 [81]. 
Mussolino and co-workers compared CCR5 gene disruption using ZFN and TALEN side by side in 293 
T cells. Comparable levels of gene disruption (-45%) could be achieved with both approaches. 
However, TALEN demonstrated much lower cytotoxicity and significantly reduced off-target activity at 
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the CCR2 locus. Although these results are promising, further studies demonstrating efficacy in 
humanized mouse models of HIV infection are required to validate this technology. The relatively large 
size of the protein (compared to ZFN) is a hurdle for delivery that must be overcome. However, although 
attempts to express TALEN in lentiviral vectors have failed, it has been expressed successfully in 
adenoviral vectors [82]. Genome wide off-target effects will also need to be determined carefully to 
ensure safety. 

4. Engineered CRISPR/Cas9 System 

Bacterial genomes contain loci encoding what is known as clustered regularly interspaced 
palindromic repeats (CRISPR), consisting of an array of short direct repeats of 21-47 nts (average 32) 
interspersed with short intervening spacers (Figure 3). While the repeats are identical, the spacers vary in 
sequence. The CRISPR locus is surrounded by a cohort of CRISPR-associated (Cas) genes. The 
transcribed CRISPR RNA (crRNA) products associate with Cas protein/nuclease and guide the complex 
to the target DNA that is complementary to the spacer sequence, whereupon the Cas protein cleaves the 
DNA to create DSB followed by DNA repair by NHEJ or HR as described for ZFN and TALEN [83]. This 
pathway is commonly used by bacteria to destroy foreign invaders (like plasmids and phages), and to 
evade host innate immunity to enhance bacterial virulence [84,85]. This system has recently been shown 
to have enormous potential for gene editing in a variety of hosts including human cells. 

Figure 3. Schematic representation of clustered regularly interspaced palindromic repeats 
(CRISPR)/Cas9 System. (A) In prokaryotic cells, the CRISPR locus contains an array of 
repeats (of the same sequence) interspersed with spacers with unique sequences. This locus 
also contains DNA coding for tracRNA and Cas proteins. The transcribed pre-crRNA is 
processed by RNAse III into mature crRNA that associates with tracRNA. This RNA duplex 
then binds the Cas9 protein to form a ribonucleotide complex. crRNA guides this complex to 
bind complementary (to spacer in crRNA) target DNA following which, the Cas9 protein 
cleaves the DNA to induce DSB; (B) In engineered CRISPR/Cas9 system, a plasmid 
encoding a chimeric RNA consisting of crRNA targeting the gene of interest fused at its 3' 
end to tracrRNA and a plasmid encoding the Cas9 protein are cotransfected. 
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There are several types of CRISPR/Cas system in diverse bacterial species. They all involve a few 
small, non-coding CRISPR RNAs and a set of Cas proteins. Type II CRISPR/Cas system uses less 
components than other types. Here, a small CRISPR RNA (crRNA consisting of sequence-specific 
spacers flanked by repetitive elements) and a partially complimentary trans-acting RNA (tracRNA) is all 
that is necessary for recognition of target DNA. A single Cas9 protein associates with crRNA and 
tracRNA to mediate target DNA degradation. A significant recent advance for using CRISPR/cas 
system for artificial gene editing was the demonstration that crRNA and tracRNA could be engineered 
as a single RNA chimera (called guide or gRNA) that leads to sequence- specific dsDNA cleavage by 
Cas9 [86]. The short chimeric crRNA/trac RNA can be easily expressed using a pol III promoter (such as 
U6) and Cas 9 can be expressed in a separate plasmid under CMV or EF-la promoter. This innovation 
enables easy gene editing with custom synthesized gRNA that can be used to target any host gene. The 
only prerequisite for the DNA to be a CRISPR target site is that it needs to be preceded by a NGG 
sequence (protospacer adjacent motifs, PAM). In fact, in less than a year of discovery, engineered 
CRIPSR/Cas9 system has been used for gene editing in most biologic models including Saccharomyces 
cerevisiae, C. elegans and a variety of mouse and human cells. 

Compared with other genome editing tools such as ZFN and TALEN, CRISPR/Cas 9 system holds 
many obvious advantages as well as potential limitations. Unlike ZFN and TALEN, CRSPR/Cas9-mediated 
gene editing system adopts a Watson-Crick complementarity rule via a short RNA molecule that is 
homologous to the target site. Since Cas-9, which is the common moiety is already available in a cloned 
form, all that one needs is to synthesize and express a short RNA for any gene of interest. Thus, a major 
advantage compared to other methods that usually require labor-intensive design and screening, is that 
the CRSPR/Cas9 requires much simpler design and a single cloning step. For almost any lab throughout 
the world, a versatile gene-editing tool is literally a few oligo synthesis away. 

Another obvious advantage of CRISPR/Cas9 system is its high versatility. As part of the adaptive 
immune system, it has a natural propensity to target multiple gene locations simultaneously. As 
described by Zhang group [87], CRISPR/Cas 9 system can be easily employed to target multiple sites to 
induce a deletion of a large gene fragment. Moreover, although Cas9 protein naturally induces double 
stranded DNA breaks by cutting each strand with two separate motifs, a mutation within one of the 
enzymatic motifs of Cas9 converted it into a valuable nickase with the capability to induce homologous 
recombination and the mutant is much safer to use with less off-target effects [88]. Furthermore, a Cas9 
mutant totally defective in endonuclease activity together with a guide RNA can specifically interfere 
with gene transcription without inducing any gene mutation in a process called CRISPR interference 
(CRISPRi) [89]. 

Efficacy of gene disruption is one of most important criteria for a gene-editing tool. In the few 
available publications using CRISPR/Cas9 system, the gene editing frequency is comparable with ZFN 
or TALEN [87]. On the other hand, off-target effects of engineered CRISPR/Cas9 system are far from 
clear, but are being increasingly studied. An early report indicated that even a single mismatch within 
13-14 bp of the 3'-terminal crRNA sequences (5' to PAM site) abolishes the cleavage activity, 
suggesting a high degree of specificity and less off-target effects. Moreover, no significant cytotoxicity was 
observed [87,88]. However, it has been recently shown that CRISPR/Cas9 system can be highly active 
even when mismatches occur between gRNA and their DNA targets, and off-target mutations occur at 
endogenous loci in human cells with high frequency [90-92]. Collectively, these studies indicate that 
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although each base within the 20 nt guide sequence contributes to overall specificity, multiple 
mismatches between the guide RNA and its complementary target DNA sequence can be tolerated 
depending on the quantity, position, and base identity of mismatches [87,90,91,93], all of which 
contribute to potential off-target activity. Considering these variables, an online design tool has been 
described [94] that helps avoid such off-target effects. Since the off-target cleavage occurs in a 
CRISPR/Cas9 dose-dependent manner, limiting the amount of Cas9 and gRNA plasmids delivered may 
be another way to minimize off-target effects. 

An important recent advance to minimize off-target effects is the use of double nicking strategy [95] . 
While wild type Cas9 cuts both strands of DNA, it can be converted into single stranded DNA nickase 
by mutating one of the cleavage domains. Compared to DSB, which is repaired by error prone NHEJ 
pathway, single stranded nicks are repaired by error free base excision repair (BER) pathway. In the 
double nicking strategy, a pair of gRNAs targeting adjacent areas on the opposite strands of target DNA 
are used along with the mutant Cas9 nickase. While this induces double stranded breaks in target DNA, 
it is expected to induce only single stranded nicks in off-target genes (because of rarity of occurrence of 
two adjacent off-target sites) that get repaired by error free BER pathway. Indeed, a systematic 
comparison of on and off-target cleavage showed that the double nickase system had 50-1500 fold 
decreased off-target activity while maintaining on target cleavage comparable to wild type Cas9. 

CCR5 gene is also an ideal target for engineered CRISPR/Cas9 nuclease editing, similar to ZFN and 
TALEN systems. Kim and colleagues made the first attempt in this direction [96]. In their study, 
co-delivery of Cas9 expression construct with gRNA encoding plasmid into human cells induced up to 
18% mutation at the CCR5 locus. In another study, CRISPR/Cas9 system was used to target HIV-LTR. 
This proof-of-principle study showed that the LTR targeting system could excise the integrated pro viral 
DNA, providing a way to eliminate HIV latency [97]. In unpublished studies, we have found that 
gRNAs can be selected to induce up to 50% gene editing at the CCR5 locus in 293 T, as well as in Jurkat 
cells. Moreover, we have also successfully expressed both Cas9 and gRNA in a lentiviral vector for use 
in difficult to transfect primary T cells. Since this system can also be used to target multiple regions to 
induce deletions, one potential application for HIV would be to eliminate the integrated pro viral DNA as 
a strategy to eradicate reactivation from latently infected cells. 

Considering that it has been barely a year since first reported, in future studies CRISPR/Cas9 system 
will very likely be improved for both efficiency and reduced off-target effects. We can expect that new 
delivery methods will also be discovered in the next few years. 

5. Conclusion and Future Directions 

ZFNs, TALENs and CRISPR/Cas9 are versatile tools for gene disruption that have the potential for 
revolutionizing the field of HIV gene therapy. They provide powerful means to disrupt CCR5 and other 
host factors necessary for HIV infection as well as to delete the integrated HIV genome as a means to 
eradicate HIV latency. Towards this end, great progress has already been made with ZFN; which has 
been evaluated in humanized mouse models, and is being tested in clinical trials. TALEN and 
CRISPR/Cas9 systems, which are relatively new, will undoubtedly be similarly evaluated soon. 
However, for actual use in HIV-1 gene therapy, there are many challenges that have to be overcome. 
First of all, the delivery of gene-editing mediators needs to be optimized for relevant cell types. 
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Although in vitro transfection and lentiviral and adenoviral vectors have been successfully used to 
deliver ZFNs into human cells, delivery of the larger sized TALEN is likely to be a challenge. Secondly, 
for a chosen gene editing method, the off-target effects need careful evaluation at the genome wide level. 
The rapid application of high-throughput analysis via deep sequencing methods offers hope that this 
problem will be soon solved. In addition, cytotoxicity of the endonuclease for primary T cells and 
CD34+ cells needs to be studied in detail. Toxicity and off-target effects can potentially be reduced by 
transient expression using methods such as directly introducing ZFN protein, mRNA transfection or 
expression via non- integrating lentiviral vectors. In summary, the rapid progress in the development of 
newer gene editing technologies offers hope for using these technologies for actual HIV gene therapy in 
the near future. 

Acknowledgments 

The authors were supported by the following grants: R01AI084795 (PS), R21HL1 16268 (PS) and 
R21AI108259 (MN). 

Conflicts of Interest 

The authors declare no conflict of interest. 
References 

1. Carr, A. Toxicity of antiretro viral therapy and implications for drug development. Nat. Rev. Drug 
Discov. 2003, 2, 624-634. 

2. Zaccarelli, M.; Tozzi, V.; Lorenzini, P.; Trotta, M.P.; Forbici, F.; Visco-Comandini, U.; Gori, C; 
Narciso, P.; Perno, C.F.; Antinori, A.; et al. Multiple drug class-wide resistance associated with 
poorer survival after treatment failure in a cohort of HIV-infected patients. AIDS 2005, 19, 
1081-1089. 

3. Finzi, D.; Blankson, J.; Siliciano, J.D.; Margolick, J.B.; Chadwick, K.; Pierson, T.; Smith, K.; 
Lisziewicz, J.; Lori, F.; Flexner, C; et al. Latent infection of CD4+ T cells provides a mechanism 
for lifelong persistence of HTV-l, even in patients on effective combination therapy. Nat. Med. 
1999, 5,512-517. 

4. Siliciano, J.D.; Kajdas, J.; Finzi, D.; Quinn, T.C.; Chadwick, K.; Margolick, J.B.; Kovacs, C; 
Gange, S.J.; Siliciano, R.F. Long-term follow-up studies confirm the stability of the latent reservoir 
for HIV-1 in resting CD4+ T cells. Nat. Med. 2003, 9, 727-728. 

5. Perez-Pinera, P.; Ousterout, D.G.; Gersbach, C.A. Advances in targeted genome editing. Curr. 
Opin. Chem. Biol. 2012, 16, 268-277. 

6. Stone, D.; Kiem, H.P.; Jerome, K.R. Targeted gene disruption to cure HIV. Curr. Opin. HIV AIDS 
2013, 8, 217-223. 

7. Dean, M.; Carrington, M.; Winkler, C; Huttley, G.A.; Smith, M.W.; Allikmets, R.; Goedert, J.J.; 
Buchbinder, S.P.; Vittinghoff, E.; Gomperts, E.; et al. Genetic restriction of HIV-1 infection and 
progression to AIDS by a deletion allele of the CKR5 structural gene. Science 1996, 273, 
1856-1862. 



Viruses 2013, 5 



2761 



8. Liu, R.; Paxton, W.A.; Choe, S.; Ceradini, D.; Martin, S.R.; Horuk, R.; MacDonald, M.E.; 
Stuhlmann, H.; Koup, R.A.; Landau, N.R. Homozygous defect in HIV-1 coreceptor accounts for 
resistance of some multiply-exposed individuals to HIV-1 infection. Cell 1996, 86, 367-377. 

9. Samson, M.; Libert, F.; Doranz, B.J.; Rucker, J.; Liesnard, C; Farber, CM.; Saragosti, S.; 
Lapoumeroulie, C; Cognaux, J.; Forceille, C; et al. Resistance to HIV-1 infection in Caucasian 
individuals bearing mutant alleles of the CCR-5 chemokine receptor gene. Nature 1996, 382, 122- 
725. 

10. Allers, K.; Hutter, G.; Hofmann, J.; Loddenkemper, C; Rieger, K.; Thiel, E.; Schneider, T. 
Evidence for the cure of HIV infection by CCR5Delta32/Delta32 stem cell transplantation. Blood 
2011, 117, 2791-2799. 

1 1 . Hutter, G.; Thiel, E. Allogeneic transplantation of CCR5 -deficient progenitor cells in a patient with 
HIV infection: An update after 3 years and the search for patient No. 2. AIDS 2011, 25, 273- 21 '4. 

12. Subramanya, S.; Kim, S.S.; Manjunath, N.; Shankar, P. RNA interference-based therapeutics for 
human immunodeficiency virus HIV-1 treatment: Synthetic siRNA or vector-based shRNA? 
Expert Opin. Biol. Ther. 2010, 10, 201-213. 

13. Thomas, K.R.; Capecchi, M.R. Site-directed mutagenesis by gene targeting in mouse 
embryo-derived stem cells. Cell 1987, 51, 503-512. 

14. Thomas, K.R.; Capecchi, M.R. Targeted disruption of the murine int-1 proto-oncogene resulting in 
severe abnormalities in midbrain and cerebellar development. Nature 1990, 346, 847-850. 

15. Mansour, S.L.; Thomas, K.R.; Capecchi, M.R. Disruption of the proto-oncogene int-2 in mouse 
embryo-derived stem cells: A general strategy for targeting mutations to non- selectable genes. 
Nature 1988, 336, 348-352. 

16. Austin, CP.; Battey, J.F.; Bradley, A.; Bucan, M.; Capecchi, M.; Collins, F.S.; Dove, W.F.; 
Duyk, G.; Dymecki, S.; Eppig, J.T.; et al. The knockout mouse project. Nat. Genet. 2004, 36, 921— 
924. 

17. Isalan, M. Zinc-finger nucleases: How to play two good hands. Nat. Methods 2012, 9, 32-34. 

18. Pavletich, N.P.; Pabo, CO. Zinc finger-DNA recognition: Crystal structure of a Zif268-DNA 
complex at 2.1 A. Science 1991, 252, 809-817. 

19. Bitinaite, J.; Wah, D.A.; Aggarwal, A.K.; Schildkraut, I. Fokl dimerization is required for DNA 
cleavage. Proc. Natl. Acad. Set USA 1998, 95, 10570-10575. 

20. Lieber, M.R. The mechanism of double-strand DNA break repair by the nonhomologous DNA 
end-joining pathway. Annu. Rev. Biochem. 2010, 79, 181-211. 

21. Moynahan, M.E.; Jasin, M. Mitotic homologous recombination maintains genomic stability and 
suppresses tumorigenesis. Nat. Rev. Mol. Cell Biol. 2010, 11, 196-207. 

22. Lieber, M.R. The mechanism of human nonhomologous DNA end joining. J. Biol. Chem. 2008, 
283, 1-5. 

23. Meng, X.; Noyes, M.B.; Zhu, L.J.; Lawson, N.D.; Wolfe, S.A. Targeted gene inactivation in 
zebrafish using engineered zinc-finger nucleases. Nat. Biotechnol. 2008, 26, 695-701. 

24. Carroll, D. Progress and prospects: Zinc-finger nucleases as gene therapy agents. Gene Ther. 2008, 
15, 1463-1468. 



Viruses 2013, 5 



2762 



25. Do yon, Y.; McCammon, J.M.; Miller, J.C.; Faraji, F.; Ngo, C; Katibah, G.E.; Amora, R.; 
Hocking, T.D.; Zhang, L.; Rebar, E.J.; et al. Heritable targeted gene disruption in zebrafish using 
designed zinc-finger nucleases. Nat. Biotechnol. 2008, 26, 702-708. 

26. Shukla, V.K.; Doyon, Y.; Miller, J.C.; DeKelver, R.C.; Moehle, E.A.; Worden, S.E.; Mitchell, J.C.; 
Arnold, N.L.; Gopalan, S.; Meng, X.; et al. Precise genome modification in the crop species Zea 
mays using zinc-finger nucleases. Nature 2009, 459, A31-AAI. 

27. Townsend, J.A.; Wright, D.A.; Winfrey, R.J.; Fu, F.; Maeder, M.L.; Joung, J.K.; Voytas, D.F. 
High-frequency modification of plant genes using engineered zinc-finger nucleases. Nature 2009, 
459, 442-445. 

28. Jacob, H.J.; Lazar, J.; Dwinell, M.R.; Moreno, C; Geurts, A.M. Gene targeting in the rat: Advances 
and opportunities. Trends Genet. 2010, 26, 510-518. 

29. Urnov, F.D.; Rebar, E.J.; Holmes, M.C.; Zhang, H.S.; Gregory, P.D. Genome editing with 
engineered zinc finger nucleases. Nat. Rev. Genet. 2010, 11, 636-646. 

30. Perez, E.E.; Wang, J.; Miller, J.C.; Jouvenot, Y.; Kim, K.A.; Liu, O.; Wang, N.; Lee, G.; 
Bartsevich, V.V.; Lee, Y.L.; et al. Establishment of HIV- 1 resistance in CD4+ T cells by genome 
editing using zinc-finger nucleases. Nat. Biotechnol. 2008, 26, 808-816. 

31. When, C.B.; Wang, J.; Tilton, J.C.; Miller, J.C.; Kim, K.A.; Rebar, E.J.; Sherrill-Mix, S.A.; 
Patro, S.C.; Secreto, A.J.; Jordan, A.P.; et al. Engineering HIV-resistant human CD4+ T cells with 
CXCR4- specific zinc-finger nucleases. PLoS Pathog. 2011, 7, el002020. 

32. Yuan, J.; Wang, J.; Crain, K; Fearns, C.; Kim, K.A.; Hua, K.L.; Gregory, P.D.; Holmes, M.C.; 
Torbett, B.E. Zinc-finger nuclease editing of human cxcr4 promotes HIV-1 CD4(+) T cell 
resistance and enrichment. Mol. Ther. 2012, 20, 849-859. 

33. Qu, X.; Wang, P.; Ding, D.; Li, L.; Wang, H.; Ma, L.; Zhou, X.; Liu, S.; Lin, S.; Wang, X.; et al. 
Zinc-finger- nucleases mediate specific and efficient excision of HIV-1 pro viral DNA from infected 
and latently infected human T cells. Nucleic Acids Res. 2013, 41, 7771-7782. 

34. Melum, E.; Karlsen, T.H.; Broome, U.; Thorsby, E.; Schrumpf, E.; Boberg, KM.; Lie, B.A. The 
32-base pair deletion of the chemokine receptor 5 gene (CCR5-Delta32) is not associated with 
primary sclerosing cholangitis in 363 Scandinavian patients. Tissue Antigens 2006, 68, 78-81. 

35. Muntinghe, F.L.; Carrero, J.J.; Navis, G.; Stenvinkel, P. TNF-alpha levels are not increased in 
inflamed patients carrying the CCR5 deletion 32. Cytokine 2011, 53, 16-18. 

36. Telenti, A. Safety concerns about CCR5 as an antiviral target. Curr. Opin. HIV AIDS 2009, 4, 131- 
135. 

37. Mani, M.; Kandavelou, K; Dy, F.J.; Durai, S.; Chandrasegaran, S. Design, engineering, and 
characterization of zinc finger nucleases. Biochem. Biophys. Res. Commun. 2005, 335, 447-457. 

38. Doyon, Y.; Vo, T.D.; Mendel, M.C.; Greenberg, S.G; Wang, J.; Xia, D.F.; Miller, J.C.; Urnov, F.D.; 
Gregory, P.D.; Holmes, M.C. Enhancing zinc-finger-nuclease activity with improved obligate 
heterodimeric architectures. Nat. Methods 2011, 8, 74-79. 

39. Voit, R.A.; McMahon, M.A.; Sawyer, S.L.; Porteus, M.H. Generation of an HIV resistant T-cell 
line by targeted "stacking" of restriction factors. Mol. Ther. 2013, 21, 786-795. 

40. Kim, H.J.; Lee, H.J.; Kim, H.; Cho, S.W.; Kim, J.S. Targeted genome editing in human cells with 
zinc finger nucleases constructed via modular assembly. Genome Res. 2009, 19, 1279-1288. 



Viruses 2013, 5 



2763 



41. Maier, D.A.; Brennan, A.L.; Jiang, S.; Binder-Scholl, G.K.; Lee, G.; Plesa, G.; Zheng, Z.; Cotte, J.; 
Carpenito, C.; Wood, T.; et al. Efficient clinical scale gene modification via zinc finger 
nuclease-targeted disruption of the HIV co-receptor CCR5. Hum. Gene Ther. 2013, 24, 245-258. 

42. Yao, Y.; Nashun, B.; Zhou, T.; Qin, L.; Qin, L.; Zhao, S.; Xu, J.; Esteban, M.A.; Chen, X. 
Generation of CD34+ cells from CCR5 -disrupted human embryonic and induced pluripotent stem 
cells. Hum. Gene Ther. 2012, 23, 238-242. 

43. Holt, N.; Wang, J.; Kim, K.; Friedman, G.; Wang, X.; Taupin, V.; Crooks, G.M.; Kohn, D.B.; 
Gregory, P.D.; Holmes, M.C.; et al. Human hematopoietic stem/progenitor cells modified by 
zinc-finger nucleases targeted to CCR5 control HIV-1 in vivo. Nat. Biotechnol. 2010, 28, 839-847. 

44. Lombardo, A.; Genovese, P.; Beausejour, CM.; Colleoni, S.; Lee, Y.L.; Kim, K.A.; Ando, D.; 
Urnov, F.D.; Galli, C; Gregory, P.D.; et al. Gene editing in human stem cells using zinc finger 
nucleases and integrase-defective lentiviral vector delivery. Nat. Biotechnol. 2007, 25, 1298-1306. 

45. Lombardo, A.; Cesana, D.; Genovese, P.; di Stefano, B.; Provasi, E.; Colombo, D.F.; Neri, M.; 
Magnani, Z.; Cantore, A.; Lo Riso, P.; et al. Site-specific integration and tailoring of cassette design 
for sustainable gene transfer. Nat. Methods 2011, 8, 861-869. 

46. Li, L.; Krymskaya, L.; Wang, J.; Henley, J.; Rao, A.; Cao, L.F.; Tran, C.A.; Torres-Coronado, M.; 
Gardner, A.; Gonzalez, N.; et al. Genomic editing of the HIV-1 coreceptor CCR5 in adult 
hematopoietic stem and progenitor cells using zinc finger nucleases. Mol. Ther. 2013, 21, 1259-1269. 

47. Melby, T.; Despirito, M.; Demasi, R.; Heilek- Snyder, G.; Greenberg, M.L.; Graham, N. HIV-1 
coreceptor use in triple-class treatment-experienced patients: Baseline prevalence, correlates, and 
relationship to enfuvirtide response. J. Infect. Dis. 2006, 194, 238-246. 

48. Tilton, J.C.; Wilen, C.B.; Didigu, C.A.; Sinha, R.; Harrison, J.E.; Agrawal-Gamse, C; Henning, E.A.; 
Bushman, F.D.; Martin, J.N.; Deeks, S.G.; et al. A maraviroc-resistant HIV-1 with narrow 
cross-resistance to other CCR5 antagonists depends on both A^-terminal and extracellular loop 
domains of drug-bound CCR5. J. Virol. 2010, 84, 10863-10876. 

49. Cradick, T.J.; Keck, K; Bradshaw, S.; Jamieson, A.C.; McCaffrey, A.P. Zinc-finger nucleases as a 
novel therapeutic strategy for targeting hepatitis B virus DNAs. Mol. Ther. 2010, 18, 947-954. 

50. Wayengera, M. Identity of zinc finger nucleases with specificity to herpes simplex virus type II 
genomic DNA: Novel HSV-2 vaccine/therapy precursors. Theor. Biol. Med. Model 2011, 8, e23. 

51. Tanaka, A.; Takeda, S.; Kariya, R.; Matsuda, K; Urano, E.; Okada, S.; Komano, J. A novel 
therapeutic molecule against HTLV-1 infection targeting provirus. Leukemia 2013, 27, 1621-1627. 

52. Wayengera, M. Proviral HIV-genome-wide and pol-gene specific zinc finger nucleases: Usability 
for targeted HIV gene therapy. Theor. Biol. Med. Model 2011, 8, e26. 

53. Das, K.T.; Segal, D. Engineered Zinc Finger Nucleases to Inactivate the HIV Genome. In 
Proceedings of the 19th HIV International Conference, Washington DC, USA, 22-27 July 2012; 
Abstract TUPE021. 

54. He, T.C.; Zhou, S.; da Costa, L.T.; Yu, J.; Kinzler, K.W.; Vogelstein, B. A simplified system for 
generating recombinant adenoviruses. Proc. Natl. Acad. Sci. USA 1998, 95, 2509-2514. 

55. Cortin, V.; Thibault, J.; Jacob, D.; Garnier, A. High-titer adenovirus vector production in 293S cell 
perfusion culture. Biotechnol. Prog. 2004, 20, 858-863. 



Viruses 2013, 5 



2764 



56. Duerr, A.; Huang, Y.; Buchbinder, S.; Coombs, R.W.; Sanchez, J.; del Rio, C; Casapia, M.; 
Santiago, S.; Gilbert, P.; Corey, L.; et al. Extended follow-up confirms early vaccine-enhanced risk 
of HIV acquisition and demonstrates waning effect over time among participants in a randomized 
trial of recombinant adenovirus HIV vaccine (Step Study). J. Infect. Dis. 2012, 206, 258-266. 

57. Qureshi, H; Ma, Z.M.; Huang, Y.; Hodge, G.; Thomas, M.A.; DiPasquale, J.; DeSilva, V.; Fritts, L.; 
Bett, A.J.; Casimiro, D.R.; et al. Low-dose penile SIVmac251 exposure of rhesus macaques 
infected with adenovirus type 5 (Ad5) and then immunized with a replication-defective 
Ad5-based SIV gag/pol/nef vaccine recapitulates the results of the phase lib step trial of a similar 
HIV-1 vaccine. J. Virol. 2012, 86, 2239-2250. 

58. Lei, Y.; Lee, C.L.; Joo, K.I.; Zarzar, J.; Liu, Y.; Dai, B.; Fox, V.; Wang, P. Gene editing of human 
embryonic stem cells via an engineered baculoviral vector carrying zinc-finger nucleases. Mol. 
Ther. 2011, 19, 942-950. 

59. Cannon, P.M.; Henley, J.E.; Wood, T.; Trong, L.; Wang, J.; Kim, K.; Yan, J.; Gregory, P.D.; Lee, G; 
Holmes, M.C. Electroporation of ZFN mRNA enables efficient CCR5 gene disruption in mobilized 
blood hematopoietic stem cells at clinical scale. In Proceedings of the ASGCT 16th Annual 
Meeting, Salt Lake City, UT, USA, 15-18 May 2013; Abstract 183. 

60. Gaj, T.; Guo, J.; Kato, Y.; Sirk, S.J.; Barbas, C.F., 3rd. Targeted gene knockout by direct delivery of 
zinc-finger nuclease proteins. Nat. Methods 2012, 9, 805-807. 

61. Bibikova, M.; Golic, M.; Go lie, K.G.; Carroll, D. Targeted chromosomal cleavage and mutagenesis 
in Drosophila using zinc-finger nucleases. Genetics 2002, 161, 1169-1175. 

62. Porteus, M.H.; Baltimore, D. Chimeric nucleases stimulate gene targeting in human cells. Science 
2003, 300, e763. 

63. Alwin, S.; Gere, M.B.; Guhl, E.; Effertz, K.; Barbas, C.F., 3rd; Segal, D.J.; Weitzman, M.D.; 
Cathomen, T. Custom zinc-finger nucleases for use in human cells. Mol. Ther. 2005, 12, 610-617. 

64. Pattanayak, V.; Ramirez, C.L.; Joung, J.K.; Liu, D.R. Revealing off-target cleavage specificities of 
zinc-finger nucleases by in vitro selection. Nat. Methods 2011, 8, 765-770. 

65. Gabriel, R.; Lombardo, A.; Arens, A.; Miller, J.C.; Genovese, P.; Kaeppel, C; Nowrouzi, A.; 
Bartholomae, C.C.; Wang, J.; Friedman, G.; et al. An unbiased genome-wide analysis of 
zinc-finger nuclease specificity. Nat. Biotechnol. 2011, 29, 816-823. 

66. Joung, J.K.; Sander, J.D. TALENs: A widely applicable technology for targeted genome editing. 
Nat. Rev. Mol. Cell Biol. 2013, 14, 49-55. 

67. Gaj, T.; Gersbach, C.A.; Barbas, C.F., 3rd. ZFN, TALEN, and CRISPR/Cas-based methods for 
genome engineering. Trends Biotechnol. 2013, 31, 397^-05. 

68. Boch, J.; Bonas, U. Xanthomonas AvrBs3 family-type III effectors: Discovery and function. Annu. 
Rev. Phytopathol. 2010, 48, 419-436. 

69. Miller, J.C.; Tan, S.; Qiao, G.; Barlow, K.A.; Wang, J.; Xia, D.F.; Meng, X.; Paschon, D.E.; 
Leung, E.; Hinkley, S.J.; et al. A TALE nuclease architecture for efficient genome editing. 
Nat. Biotechnol. 2011, 29, 143-148. 

70. Sander, J.D.; Cade, L.; Khayter, C; Reyon, D.; Peterson, R.T.; Joung, J.K.; Yeh, J.R. Targeted gene 
disruption in somatic zebrafish cells using engineered TALENs. Nat. Biotechnol. 2011, 29, 697- 
698. 



Viruses 2013, 5 



2765 



71. Huang, P.; Xiao, A.; Zhou, M.; Zhu, Z.; Lin, S.; Zhang, B. Heritable gene targeting in zebrafish 
using customized TALENs. Nat. Biotechnol. 2011, 29, 699-700. 

72. Reyon, D.; Khayter, C; Regan, M.R.; Joung, J.K.; Sander, J.D. Engineering designer transcription 
activator-like effector nucleases (TALENs) by REAL or REAL-Fast assembly. Curr. Protoc. Mol. 
Biol. 2012, doi: 10.1002/0471142727.mbl215sl00. 

73. Geissler, R.; Scholze, H.; Hahn, S.; Streubel, J.; Bonas, U.; Behrens, S.E.; Boch, J. Transcriptional 
activators of human genes with programmable DNA- specificity. PLoS One 2011, 6, el9509. 

74. Li, T.; Huang, S.; Zhao, X.; Wright, DA.; Carpenter, S.; Spalding, M.H.; Weeks, D.P.; Yang, B. 
Modular ly assembled designer TAL effector nucleases for targeted gene knockout and gene 
replacement in eukaryotes. Nucleic Acids Res. 2011, 39, 6315-6325. 

75. Sanjana, N.E.; Cong, L.; Zhou, Y.; Cunniff, M.M.; Feng, G.; Zhang, F. A transcription 
activator-like effector toolbox for genome engineering. Nat. Protoc. 2012, 7, 171-192. 

76. Weber, E.; Gruetzner, R.; Werner, S.; Engler, C; Marillonnet, S. Assembly of designer TAL 
effectors by Golden Gate cloning. PLoS One 2011, 6, el9722. 

77. Zhang, F.; Cong, L.; Lodato, S.; Kosuri, S.; Church, G.M.; Arlotta, P. Efficient construction of 
sequence- specific TAL effectors for modulating mammalian transcription. Nat. Biotechnol. 2011, 
29, 149-153. 

78. Briggs, A.W.; Rios, X.; Chari, R.; Yang, L.; Zhang, F.; Mali, P.; Church, G.M. Iterative capped 
assembly: Rapid and scalable synthesis of repeat-module DNA such as TAL effectors from 
individual monomers. Nucleic Acids Res. 2012, 40, el 17. 

79. Reyon, D.; Tsai, S.Q.; Khayter, C; Foden, J. A.; Sander, J.D.; Joung, J.K. FLASH assembly of 
TALENs for high-throughput genome editing. Nat. Biotechnol. 2012, 30, 460-465. 

80. Schmid-Burgk, J.L.; Schmidt, T.; Kaiser, V.; Honing, K; Hornung, V. A ligation-independent 
cloning technique for high-throughput assembly of transcription activator-like effector genes. 
Nat. Biotechnol. 2013, 31, 76-81. 

81. Mussolino, C; Morbitzer, R.; Lutge, F.; Dannemann, N.; Lahaye, T.; Cathomen, T. A novel TALE 
nuclease scaffold enables high genome editing activity in combination with low toxicity. Nucleic 
Acids Res. 2011, 39, 9283-9293. 

82. Holkers, M.; Maggio, I.; Liu, J.; Janssen, J.M.; Miselli, F.; Mussolino, C; Recchia, A.; Cathomen, T.; 
Goncalves, M.A. Differential integrity of TALE nuclease genes following adenoviral and lentiviral 
vector gene transfer into human cells. Nucleic Acids Res. 2013, 41, e63. 

83. Wiedenheft, B.; Lander, G.C.; Zhou, K; Jore, M.M.; Brouns, S.J.; van der Oost, J.; Doudna, J. A.; 
Nogales, E. Structures of the RNA-guided surveillance complex from a bacterial immune system. 
Nature 2011, 477, 486-489. 

84. Makarova, K.S.; Haft, D.H.; Barrangou, R.; Brouns, S.J.; Charpentier, E.; Horvath, P.; Moineau, S.; 
Mojica, F.J.; Wolf, Y.I.; Yakunin, A.F.; et al. Evolution and classification of the CRISPR-Cas 
systems. Nat. Rev. Microbiol. 2011, 9, 467-477. 

85. Sampson, T.R.; Saroj, S.D.; Llewellyn, A.C.; Tzeng, Y.L.; Weiss, D.S. A CRISPR/Cas system 
mediates bacterial innate immune evasion and virulence. Nature 2013, 497, 254-257. 

86. Jinek, M.; Chylinski, K; Fonfara, I.; Hauer, M.; Doudna, J. A.; Charpentier, E. A programmable 
dual-RNA-guided DNA endonuclease in adaptive bacterial immunity. Science 2012, 337, 816-821. 



Viruses 2013, 5 



2766 



87. Cong, L.; Ran, F.A.; Cox, D.; Lin, S.; Barretto, R.; Habib, N.; Hsu, P.D.; Wu, X.; Jiang, W.; 
Marraffini, L.A.; et al. Multiplex genome engineering using CRISPR/Cas systems. Science 2013, 
339, 819-823. 

88. Mali, P.; Yang, L.; Esvelt, K.M.; Aach, J.; Guell, M.; DiCarlo, J.E.; Norville, J.E.; Church, G.M. 
RNA-guided human genome engineering via Cas9. Science 2013, 339, 823-826. 

89. Qi, L.S.; Larson, M.H.; Gilbert, L.A.; Doudna, J.A.; Weissman, J.S.; Arkin, A.P.; Lim, W.A. 
Repurposing CRISPR as an RNA-guided platform for sequence- specific control of gene 
expression. Cell 2013, 152, 1173-1183. 

90. Fu, Y.; Foden, J.A.; Khayter, C; Maeder, M.L.; Reyon, D.; Joung, J.K.; Sander, J.D. High-frequency 
off-target mutagenesis induced by CRISPR-Cas nucleases in human cells. Nat. Biotechnol. 2013, 
31, 822-826. 

91. Hsu, P.D.; Scott, D.A.; Weinstein, J.A.; Ran, F.A.; Konermann, S.; Agarwala, V.; Li, Y.; Fine, E.J.; 
Wu, X.; Shalem, O.; et al. DNA targeting specificity of RNA-guided Cas9 nucleases. Nat. Biotechnol. 
2013, 31, 827-832. 

92. Mali, P.; Aach, J.; Stranges, P.B.; Esvelt, K.M.; Moosburner, M.; Kosuri, S.; Yang, L.; Church, G.M. 
CAS9 transcriptional activators for target specificity screening and paired nickases for cooperative 
genome engineering. Nat. Biotechnol. 2013, 31, 833-838. 

93. Jiang, W.; Bikard, D.; Cox, D.; Th&ng, F.; Marraffini, L.A. RNA-guided editing of bacterial 
genomes using CRISPR-Cas systems. Nat. Biotechnol. 2013, 31, 233-239. 

94. CRISPR Design. Available online: http://crispr.mit.edu/ (accessed on 12 November 2013). 

95. Ran, F.A.; Hsu, P.D.; Lin, C.Y.; Gootenberg, J.S.; Konermann, S.; Trevino, A.E.; Scott, DA.; 
Inoue, A.; Matoba, S.; Zhang, Y.; et al. Double nicking by RNA-guided CRISPR Cas9 for 
enhanced genome editing specificity. Cell 2013, 154, 1380-1389. 

96. Cho, S.W.; Kim, S.; Kim, J.M.; Kim, J.S. Targeted genome engineering in human cells with the 
Cas9 RNA-guided endonuclease. Nat. Biotechnol. 2013, 31, 230-232. 

97. Ebina, H.; Misawa, N.; Kanemura, Y.; Koyanagi, Y. Harnessing the CRISPR/Cas9 system to 
disrupt latent HIV-1 pro virus. Sci. Rep. 2013, 3, e2510. 



© 2013 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article 
distributed under the terms and conditions of the Creative Commons Attribution license 
(http ://creativeco mmons. org/license s/by/3 . 0/) . 



